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Coded Modulation for Satellite Broadcasting
Robert H. Morelos-Zaragoza, Oscar Y. Takeshita and Hideki Iinai
The University of Tokyo, Institute of Industrial Science
7-22-1 Roppongi, Minato-ku, Tokyo 106 Japan
Marc P.C. Fossorier and Shu Lin
University of Hawaii at Manoa, Dept. Electrical Engineering
2540 Dole St. # 483, Honolulu, HI 96822 USA

Abstract
In this paper, tlircc-lcvcl block coded 8-PSK rriodulations,
suitable for satellite broadcasting of digital T V signals, arc
presented. A design principle t o acliicve unequal error protection is introduced. Tlic coding sclicrric is designed iii
such a way that tlic iriforrriation bits carrying tlic basic
definition TV signal liavc a lower error rate than tlic liigli
tlcfiriitiori iriforrriation bits. Tlie large error coefficients,
~iorrriallyassociated with staridard riiappiiig by set partitioning, arc rccluced by coiisidcririg a rionstaiidard partition of an 8-PSK signal set. Tlic bits-to-signal rriappiiig
induced by this partition allows the iisc of suboptimal lowcomplexity soft-decision dccodings of biliary block codes.
Porullel operution of the first and secorid stage decoders
is possible, for high d a t a rate transmission. Furtlicrrriorc,
thcrc is rho c r r o r yroyugution from tlic first-stage dccodcr
to tl1c secorid-stage dccoder.

1

Introduction

111 satellite broadcasting of digital high definition T V
. caiiscs sever(:
(HDTV) over tlie K a band (21/30 GHz), din
attenuation. An efficient digital trarisrriissiori system rriust,
be designed to provide a gradiial degradation of the re-.
ceivecl sigrial. All of the previously proposed schcrrics liavr:
bccn based on eitlicr time-sharing or rioriuriiforrri signal
sets. In this paper, it is proposed t o combine coding a r i d
rriotlulation in such a way that tlic required graceful degra-.
d u t i w is achieved by error control coding. Subsets of s i g ~ i d
scqiicnccs, of iricrcasiIig rriiiiimurri squared Euclidean distaIiccs, are associated with irifoririatiori bits of iiicrcasirig
irnportarice level (or tlccrcasirig irriagc definition).
Rain attenuatiori rriay be interpreted as the concatcnation of two Gaussiari cli:~~incls.The first cha~inclcorresponds to clear sky conditioris aiid tlic first arid sccorid to rainy conditioris. A receiver in a clear sky region
caii rccovcr the full high dcfiriitiori T V signal, wliilc a rcccivcr in a rainy region rriust be able t o rccovcr at least
tlic basic (lower inforrriatiori rate) dcfiriitiori TV signal.
l
studied by
Tliis deyruded Goussiu~rr.br.oudcast c l ~ m m e was
Cover [I],who showed by randoin coding argurriciits that
capacity can be achieved by supcriiriposiiig iiifoririatiori:
.0-7803-3336-5/96 $5.00 0 1996 IEEE

Code sequences in corrcspo~ide~icc
to tlic least iiriportarit
part (the high definition T V component) are clustered into
clouds. Each coded sigiial scc~uc~icc
in corrcspoiidcrice to
a most iiriportarit riicssagc put (the basic dcfiiiitiori TV
corriponent) is associated with a cloud. The rriapping of
source coded bits t o coded signal scqiicrices is rriadc in such
a way that the Iriiriirriurri distance bctwecri signals iri different clouds is larger tliari tlic IniIiirnurri distaricc between
signals witliiii a cloud. Tliis is an uneyuol esrro*r pr.otect.ion
(UEP) coding sclicrric [Z].
Coded rnodulatiori approaches for the terrestrial br.oudcusting of HDTV signals have bccn reported in [3, 4,51. All
of tlicrn, however, deal with rectangular (M-QAM type)
signal sets. To tlic best of our knowledge, no UEP codcd
rriodulation sclicrrie for sutel2Zte brocidcusting of HDTV sigrials, for wliicli coristarit arriplitude modulation (M-PSK
type) is required. otlicr tliari trivial time sharing is kIiowIi,
except for our previous work [6].
A closely related paper is [7], where an in.ue,rse set p w tition/iny strategy was introduced t o effectively reduce tlic
large error coefficients associated with Ungcrboeck’s partitions, a s well ils to achieve graceful degradation. In this
paper, this partitioning strategy is used t o construct block
coded 8-PSK rrioclulations for dcgradcd Gaussiari broadcast channels. Upper bounds OII tlie probability of a bit
errors will show tliat indeed tlie I i a r m iwuerse is appropriate. Tlic partitioning reduces tlic contribution of the crror coefficients eqwriwntiully. It will be assumed that the
HDTV signals arc produced by a Iiicrarchical source CIIcoder (sucli i ~ MPEG-Z),
s
aiid that an outer Reed-Solomon
code is used. In this way, tlic target cliarincl bit error rate
(BER), ricccssary to achieve irriagcs of good quality, may
be
cquai to 10-5.
Tlic paper is o r g ~ ~ i i z cas
d follows. In section 2, block
cotlcd rriodulations (BCM) based on niultilevcl coding [8]
arc overvicwed. A design principle for acliicving UEP is
proposed. A iioIistandard mappirig-by-set partitioning of
an 8-PSK sigrial set is used to construct good three-lcvcl
coded 8-PSK rriodulation schcrrics with UEP. In section 3,
it is sliowri that the partitiori used drastically reduces tlic
average nurnbcr of ricarcst neighbor scquc~iccs. Tlic proposed sclicrrics liavc rcduccd dccodirig complexity. The
decoders in the first and second stages operate OII rcccived sigiials projected in one dimension (tlic in-phase arid
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quadrature components of tlic rcccivcd sigrial scqiic~icc,rcspcctivcly). By orthogoridity, thcsc two decoders arc hidependent aiid therefore can operate in parallel. Fimlly,
in scctiori 4, coIiclusioIis of this work arc prdscrited.

2

s el cc t cd i,ri,

Block coded 8-PSK moldulation
for UEP

Irriai arid Hirakawa [SI proposed a tecliIiiquc for coristrnctiiig coded modulation sclicincs using biiiiLT.$ block codes.
For coclcd M-level rriodulatiori systciris, codcwords of M
biliary block codes are used to select labels of signal points.
The resulting signal scclucIiccs form a blodk rriodulatiori
code over Eiiclidcari space. This block coding sclicrnc is
said t o be an M-level coded ,rrc.odulution. Over a satellite
cliari~iel.constarit amplitude (M-PSK) type !of rriodulation
is preferred. Iri this paper, three-level codedi 8-PSK ,rr/,o(Zulution sclicIrics i r e considered.
A furidarncrital issue iri tlie design of a rritiltilevel cocled
rriodulation systcrri is the labcling of tlic signal set over
which tlic corriporicnt codes operate. Such labcling clctcrs qu u,red Eu c 1.1de u!rL dis t ur/,c e (M SE D )
iriirics t 11e ,rr~i.rc.i,rr/~u,rri,
of the rrioclulation code aiid, more gcri
structurc of the set of cocled ScqliCIIccs,
In what follows, Uiigcrbocck's well kriiowri staridard
inayping-by-set partitioning [9] is briefly dvervicwccl. A
uniform unit-criergy 8-PSK signal set is pu,rtitioned into
time k u e l s . For i = 1,2,3, at the i-tli Partition level,
the signal set is divided into two subsets Si(())a ~ i d&(I),
sucli that tlic intruset distunce, 6';. is rriaxiiriizcd. A lube1
bit bi E (0, I} is associated witli the subsct'clioicc, S;(b;),
at the %-tlipartition level. This partition process results
in a l u b e h y of tlic 8-PSK inoclulatiori sigkials. Each 8PSK signal has a three-bit label b1b2b3, arid is dcriotcd by
s(b1, b 2 , b 3 ) . With this s t u a d u r d pur.titiori, lof 8-PSK, the
iritrasct distariccs arc bl = 0.586, 6'2 = 2, arid 6'3 = 4.
For .i = 1,2,3, let Ci denote a11 ( r ~k,i , a;) biriary lincar block cock of lcngtli rL, dirricnsion ki, 'and minimum
Hairiiriiiig distimce di. Let ci = (til. ci2. . . . ,tin) denote a
codcword of Ci. A three-lcvcl coded 8-PSK rriodulatioii is
the followirig set of 8-PSK sigiial sequences of lciigtli r ~ :
~

A

A = { ~ ( ~~l 2j j,~, 3 j ): Ci E C;, 1 5

5 7~).

Tlie rate of this coded Iriodulatiori system, iri bits/syrribol,
is R = ( k l k2 k3)/,riL It can be sliowri that its MSED,
denoted by D , is givcii by [SI

+ +

D = rriiri {&hi}.
lLi53

In this paper, QPSK rriodulatiori is usecl as a reference a r i d
tlicrcforc it is reqiiircd tliat R z 2 bits/syiribol.

2.1

rcquircrricIit, tlic followiIig dcsigii guidcliiic for t llrcc-lcvcl
codccl 8-PSK iriodnlatiori for UEP is proposed:

UEP design principle

1x1order to acliicvc graceful dcgradatioii for satellite hroaclcastirig. a rriodulatioii code rriust provide uiicqual error yrotcctiori (UEP). as pointed out in scctioii 1. To fulfill this

Let ~ ; ( 7 7 ~ ; be
)
a codcword of C;, in corrcspoIidcIicc
t o a k;-bit rricssagc vector ri/,i, and let s = t(m~/,),
r r ~= (rr/,1,r7~2,~ 7 ~ and
3 ) S' = s(~IL'),
rib' = (ra;, ~ T L ; r7~;)
,
dcnote coded 8-PSK sigiial sequences in A. Tlic E.ucl%deu,ri,
s e p r u t i o n s [lo] between scquciiccs of 8-PSK sigrials at tlic
i-th partition level, for .i. = 1 , 2 , 3 , are dcfi~iccla s

T l i c ~sl
i = tl16'1. s2 = d 2 6 ' 2 , aiid s3 = d36'3, Siricc s1 2 sa >
iiiforrriatiori messages rib1 aiid ,rii2 arc said t o be m o w
pr.otected against clianncl errors tlian iriforIriatiori iricssagc
s3,

r7~3.

2.2

A three-level coded 8-PSK modulation for UEP

As an cxarriplc, let C1 be a (64,18,22) cxtcIidcd BCH
bc a (64,45,8) cxteridcd BCH code, a ~ i dC3 be
a (64, 6 3 , 2 ) parity-clicck code. Tlic Iiriai-Hirakawa constructiori [8] produces a tlirec-lcvcl coded 8-PSK ~nodulatioIi schcrrie witli R = 1.97 a ~ i dMSED=8. Tlic asyiriptotic
coding gain of tliis systciri is 6 dB with respect to iiiicoded
QPSK rnodulation.
For multistage decoding, it is well kriowri [3, 71 tliat the
number of nearest iiciglibors. N::), associated witli the first
decoding stage is very large if tlic staridard partitioriirig
of [9] is used. For 8-PSK sigmlirig, we liave at the first
dccodirig stage N i t ) = 2"lA$), wlicre A$ dciiotcs the
riiirribcr of codcwords of wciglit w in tlic i-tli level corriporiciit code C;. Tlicrcforc aii important reduction iii real
coding gaiii (i.e., a t BER of
will be experienced. For
tlic exarriplc above, it c m be argued that the 18 informatiori bits cricodccl at the first lcvcl, clcsigricd t o liave the
liiglicst error protcctioii level, will suffkr a cotlirig gain rcductioii so large tliat, at a BER of lop5, they may l~ccoriic
very badly protected arid doIriiriatc the ovcrall error pcrforrriancc. As a result, decoding errors from tlie first stage
will propagate.
The UEP design pririciylc givcri by (1) is valid only in
the liigli SNR (asyrriptotic) region. For practical values
of signal-to-iioisc ratio (BER of l o p 5 ) , liowcvcr, the error
coefficients a t cadi coding level rriust be takcri into accouiit.
To improve tlic pcrforrriaricc of tlircc-lcvcl coded 8-PSK
iriodulation schemes, a rcon.stun.dur.d set purtition. can be
used to rcducc tlicsc error coefficients, as cxplairicd in tlic
iicxt scctiori.
C O ~ C ,C2

2.3

Using a nonstandard partition

To overcorric tlic severe reductions in the coding gains of a
coded iriodulatiori systcrri based OII tlic staridard partition,
which arc caused by large error coefficients, N:, , noristalitlard partitioning rnust be crnploycyctl. III this paper, the
partitiori uscd is sirriilar t o one presented previously in [6]
for trellis coded rnodulations (TCM) with UEP.
111 Fig. 1, a nonstandard partition of a uriiforrri u r i i t cricrgy 8-PSK sigrial set is shown. Each sigrial point is
labeled by a three-bit vector in such a way tliat the s i g d
points with labels bl = O (rcsp. bl = 1) all lie OII tlic left
(rcsp. right) half plaric, i.e.. 5 < O (rcsp. IL’ > 0). Sigrid
points with the sccoiid labcl bit b 2 = O (rcsp. 0 2 = 1) aIc
located on tlic upper (rcsp. lower) half plane, i.e., y > O
(rcsp. y < 0). The third label bit b3 selects a sigrial point
within a quadrant iiidcxcd by b l b 2 . In tliis figiire, tlic black
dots corrcsporid to points labeled 0b2b3 and tlic wliitc tlot,s
to points with labels lbzb3.
The iritrasct distances of tliis partition are all equal
61 _
’b 2 = 63 = 0.586. At tlie %-th
partition level, the sigrial
points corrcspondiIig to 1); = 0, or b; = 1, arc contained
in half plarics. For tlie first aiid scco~idlevels, tlic error
coefficients associated with (1161 a ~ i d(1262 respectively i ~ r c
reduced to iriucli less than the number of Iriiriirriurri distaricc codcwords of the corrcspoiidirig binary corriporiciit
codes. Tliis is explained in tlic next scctioii. In addition,
because tlic decision bou~idaryat each level is tlic sairio
a s for BPSK (i.e.? a line), a tlircc-stage decoder can us~c
corriputatioiially efficient soft-decision dccotliiigs [I11 of tlic
cornponelit biliary block codes.

3

Error performance: Analysis
and simulation results

In dccodiiig tlic first or second lcvcl, tlic decision variablc
is just the projection of the received signal scc~uc~icc
in tlic
IL’ or y axis. respectively. Fig. 3 sliows a block tliagrarri of
a tlccodcr for tlircc-level coded 8-PSK modulation. Thc

Y

A

Table 1: Preprocessing of thc rcccivcd sigiials for tliird
stage tlccoding

0
0

1
1

( r z ; - Ty;)
(Tzi +~-yi)

decoders for the first a11d second stages operate or1 the
in-phase and quadratlire cornporicnt of tlic received sigiial scqiiciiccs, F~ and ‘r;l, rcpcctivcly. Orice dccisioris arc
rriatle as to the values of tlic corrcsporidiiig codewords, c 1
i ~ r i d~ 2 tlicy
.
arc passed on to the tliird dccodiiig stage.
Let cz = ( C i l ? &2, . * , ?in) E c
i be the dccodcd codcword
at tlic %-thlevel, i = 1,2. Before tlie third-level decoding.
each two-dirriciisiorial coortliriatc ( r z j ,ryj) of tlic rcceivcd
) projected onto a one dirnciisioIia1 cosignal F = ( F ~F, ~ is
ordiriatc .Qj, 1 j
n, Tlic values raj arc tlic decision
variables uscd by tlic decoder of C3. The projcctiori dcpcrids on tlic decoded quadraiit, which is indexed by tlic
pair ( t l j , & j ) , 1 5 j 5 7 ~ a, s sliowri iii Table 1. The rotutcd
F‘ = (& ,rQ2,. . . ,7 Q n ) is then decoded usiIig a
soft-decision procedure for corriporiciit code C,.
Ariothcr atlvaiitage of the partition of Fig. 1 is that, by
ortliogoiiality of tlic iri-pliase and quadrature coiripoIicnts,
tlic dccoclcrs of the first and sccond levels can operate inclcpciidcntly, as sliowri in Fig. 3 . Tliis results not only in
i~ fast parallcl decoding, but also iii that tlicre is ‘rho e r TOT- propagution between the f i r s t a.ri.cl the second decoding
stages.

-

< <

3.1

Bounds on the error performance

With rcfcrcricc to Fig. 1, the distances from the origin t o
the projected sigrial points are either A1 = si1i(n/8) or
A2 = cos(7r/8). This is sliowri in Fig. 2. Assurriirig equally
likely I I I ~ S S H ~ C Stlic
,
probability tliat thc projcctiori of ix
sigIial point is at distance A 1 (rcsp. A,) from tlic origin is
equal to 1/2. UsiIig this simple obscrvatioIi, it is possible
to obtain an upper bound oii tlic probability of a bit error
:kt the first, 01’ S C C O I I ~ ,ICVC~.At the i-tli level, i = 1,2,
union bourid OII tlic probability of a bit error is,

n

n

i

V

-A

Figure 1: A rioristaiidard yartitiori of an 8-PSK sigtial set

- (T,i - T y 2 )
- ( r z ;+ T Y i )

0
1
1
0

2

-A

I

1

a

-

+A,

a

)X

+A2

Figure 2: Projections of signal points
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From (2), we observe that Nbp = 2-"'A!:.

For a staIidard

d , . It becorrics evident how the
partition, N:lSTD = 2d=A(i)
nonstandard p r t i t i o i i reduces tlic effect of tlic error cocfficicrits a t tlic cxpcrisc of an Eucliclcari separatioii rcduction. Heiicc, a t relatively low SNR, tlic first two lcvcls of a
coded rriodiilatioii based oii IioiistaIidard partitioriiiig can
even yield U ,red cokiag p i n , gr.eater. than the us;yrrr.ptot%c

codirbg

5

0

5

10

15

EWNo (dB)

y1irL.

Tlic probability of a bit error iri the tliird level tlccodiiig
can be approxirriatcly (considcriiig that IIO errors arc made
in the first a r i d second lcvcls) upper bouridcd as

Figure 4: Sirriulatioii results for sclicriic S1

0

2

3.2

Simulation results

4

Computer sirriulatioIis were perforrricd to evaluate tlircclcvcl coded 8-PSK rnodulations, using binary BCH codes
of length 64 as corripoIiciit codes. Table 2 siimniarixes the
siniiilatcd sclieriies. All the schcrrics were selected to liavc
the sarric rate R = 126/64 = 1.96875. The I3CH codes w c ~ e
dccodcd using an efficient soft-decision decoding procediirc
based on ordered statistics [ll].Listed in tlie table arc also
the orders of reprocessing needed to achieve practically optimal performarice, w defiried in [Ill, arid tlie riunibcr of
real operations per block of ( k l k 2 k 3 ) = 126 dccodcd
bits. For !-order reprocessing, the nurribcr of real opcrations is O ( ( n- k ) ( : ) ) [ll].Also. for BER 2
these
Iiurribers can be significaIitly reduced by processing tlic rcduccd list decoding proposed in [I21 ancl allowiIig an error
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Figure 5: Sirnulation results for scliciric S2
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Figure 3: Decoder of tlirce-level coded 8-PSK rriodulation
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Figure 6: Sirriulatioii results for sclicrrie S3
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Sclicmc
S1

s2
s3

.I
1

2
3
1
2
3
1
2
3

Ci
(64,18,22)
(64,45,8)
(64,63,2)
(64,30,14)
(64,45,8)
(64J1.6)
(64,18,22)
(64,51,6)
(64J7.4)

A:; (%)
14
36
50
24
36
40
14
40
46

Order
4
2
0
3
2
1
4
1
1

Colrip.
197,556
21.057

63
162,822
21,057
1,096
197,556
1,096
789

pcrforrriancc degradation less than 0.1 dB with respect t o
rriaxirriurri likcliliood decoding. As a rcfcrciicc, a 256-state
rate-2/3 8-PSK TCM scl1crric, of equivalent rate, achieves
aii asyrriptotic coding gain of 5.75 tlB and requires about
112,896 real operations to decode 126 bits.
Figures 4 to 6 plot the BER versus Et,/No for the
scliciiics listed in Table 2. For cxainplc, for the first level
of sclicrrie S1 (Fig. 4) a real coding gain of about 8.8 dB
is achieved a t tlic BER lop5, corriparctl to a11 asyrriptotic
coding gain of 8.02 dB. From tlic plots it is clcar that tlic
bou~icls(2) and ( 3 ) arc tight for practical values of Eb/No.

4

Conclusions

III this paper. three-lcvcl coded 8-PSK rriodulation sclicrrics
for UEP, to achieve graceful dcgratlation in satellite broadcasting of digital HDTV, were studied. A dcsigri principle
for UEP was proposed. Noristaridarc1 set partitions can be
used to coxistruct powerful coclcd rriodulation scliemcs for
urieclual error protection, with reduccd error coefficients
corriparcd to standard mapping by set par titioiiing.
Noristandard partitioiiiiig lias tlie following practical advantages over other approaches: (I) the reductiori iii error
coefficients is such that, in the first two levels, the real codirig gain a t practical values of BER call be made greater
than the asyrriptotic coding gain: ( 2 ) parallel dccodiiig of
tlic first arid sccorid levels is possible, for fast irnplcrricritation: and ( 3 ) tlicrc is 110 error propagation from the first
level dccodcr to the secorid level dccodcr.
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